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Abstract

Pregnancy is a physiological state of continuous adaptation to changing maternal and fetal 

nutritional needs, including a reduction of maternal insulin sensitivity allowing for appropriately 

enhanced glucose availability to the fetus. However, excessive insulin resistance in conjunction 

with insufficient insulin secretion results in gestational diabetes mellitus (GDM), greatly 

increasing the risk for pregnancy complications and predisposing both mothers and offspring 

to future metabolic disease. Here, we report a signaling pathway connecting pregnancy-associated 

plasma protein A (PAPPA) with adipose tissue expansion in pregnancy. Adipose tissue plays 

a central role in the regulation of insulin sensitivity, and we show that, in both mice and 

humans, pregnancy caused remodeling of adipose tissue evidenced by altered adipocyte size, 
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vascularization, and in vitro expansion capacity. PAPPA is known to be a metalloprotease 

secreted by human placenta that modulates insulin-like growth factor (IGF) bioavailability through 

prolteolysis of IGF binding proteins (IGFBPs) 2, 4, and 5. We demonstrate that recombinant 

PAPPA can stimulate ex vivo human adipose tissue expansion in an IGFBP-5– and IGF-1–

dependent manner. Moreover, mice lacking PAPPA displayed impaired adipose tissue remodeling, 

pregnancy-induced insulin resistance, and hepatic steatosis, recapitulating multiple aspects of 

human GDM. In a cohort of 6361 pregnant women, concentrations of circulating PAPPA are 

inversely correlated with glycemia and odds of developing GDM. These data identify PAPPA and 

the IGF signaling pathway as necessary for the regulation of maternal adipose tissue physiology 

and systemic glucose homeostasis, with consequences for long-term metabolic risk and potential 

for therapeutic use.

INTRODUCTION

Gestational diabetes mellitus (GDM) is the most common complication in pregnancy, 

affecting about 5 to 9% of U.S. pregnancies and 2 to 25% of pregnancies worldwide (1, 

2). The large variation in reported incidence is likely due to the broad diagnostic criteria 

that define GDM as any degree of hyperglycemia first recognized in pregnancy. This can 

include individuals who had impaired glucose tolerance or overt type 2 diabetes (T2DM) 

before pregnancy, and given the increasing incidence of obesity and consequent metabolic 

abnormalities, the size of this population has increased substantially. Nevertheless, glucose 

intolerance first develops in many individuals during pregnancy and resolves upon delivery, 

identifying GDM as a metabolic disease state dependent on pregnancy. As many as 50% of 

women diagnosed with GDM develop T2DM within 5 years (3–5). The strong association 

between pregnancy and subsequent T2DM may be attributable to unmasking of underlying 

susceptibility to T2DM by pregnancy or to a direct effect of pregnancy to enhance 

susceptibility to the disease. Moreover, exposure to the hyperglycemic in utero environment 

of women with GDM results in increased risk of obesity, metabolic syndrome, and other 

cardiometabolic disorders in the offspring (6–10). Therefore, GDM is a determining factor 

in transgenerational metabolic risk susceptibility, and understanding its etiology is crucial 

for developing appropriate preventive and therapeutic strategies.

The precise mechanisms underlying the development of GDM are not clear. Pregnancy is 

a state of rapid metabolic adaptation required to meet the nutritional needs of both mother 

and fetus during pregnancy and preparation of maternal tissues for the lactation period. An 

increase in total adipose mass is characteristic of normal pregnancy (11–14), with about 

30% of recommended weight gained composed of fat mass. In the nonpregnant state, a 

direct mechanistic link between adipose tissue function and systemic glucose homeostasis is 

supported by numerous lines of evidence. These include a strong epidemiological correlation 

between subcutaneous adipose tissue size and mitigation of metabolic and cardiometabolic 

risk (15–20), extreme insulin resistance and hyperglycemia in congenital and acquired 

lipodystrophies (21–23), mitigation of insulin resistance in mice by genetic expansion of 

subcutaneous adipose tissue (24–27), and direct effects of adipose tissue on glycemic control 

(28–31). All these lines of evidence converge on the notion that an impaired capacity of 
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adipose tissue to retain lipids leads to systemic lipotoxicity and development of insulin 

resistance.

Given the key role of adipose tissue in the pathogenesis of insulin resistance and T2DM, 

a similar role in the pathogenesis of GDM is possible. There is increasing evidence 

that excessive visceral adipose tissue expansion (32), larger adipocyte size (33, 34), and 

increased adipose tissue inflammation (35) are associated with insulin resistance in human 

pregnancy and contribute to GDM risk. Abnormalities in the mechanisms that promote 

normal expansion of adipose tissue depots during pregnancy may be responsible for 

development of excessive insulin resistance, but these mechanisms have yet to be fully 

defined (35).

Insulin-like growth factor-1 (IGF-1) and 2 play a central role in tissue growth through their 

interactions with the insulin and IGF-1 receptors (36). IGFs circulate at high concentrations 

relative to other peptide growth factors and are also produced locally to mediate paracrine 

effects (37–41). An important mechanism for regulation of the activities of IGF-1 and IGF-2 

is their tight interaction with one of six different binding proteins, IGFBPs 1 to 6 (42). 

IGFBPs bind IGFs and prevent their clearance, thereby increasing their local concentration. 

However, IGFBPs also impair productive binding of IGFs to their receptors. In order for IGF 

signaling to occur, IGFBPs must be inactivated by proteolytic degradation (43).

The pregnancy-associated plasma protein A (PAPPA) was the first protease identified 

to cleave IGFBP4 and IGFBP5 to increase IGF bioavailability (44, 45). This protease 

derives its name from its discovery in the serum of pregnant women, as both the total 

concentration and proteolytic activity of PAPPA progressively increase by over 1000-fold 

during pregnancy. In nonpregnant human females, a substantial amount of circulating 

PAPPA is derived from the uterus (46), but the marked elevation seen during pregnancy 

is due to its production by the placenta (47). There is an established correlation between 

low circulating PAPPA concentration and pregnancy abnormalities, and a single low value 

for PAPPA is highly correlated with fetal aneuploidy (48, 49), leading to its adoption for 

screening chromosomal abnormalities in early pregnancy (50). PAPPA is conserved in mice, 

where its expression is highest in subcutaneous adipose tissue (51).

The IGF and IGFBP signaling axis has been implicated in regulating adipose tissue 

growth (52–55), and expression of subcutaneous and omental IGFBP4 and IGFBP5 is 

increased in human pregnancy (34, 35). The induction of IGFBPs in adipose tissue coupled 

with the progressive increase in placenta production of PAPPA during human pregnancy 

suggested the possibility that a placenta-adipose tissue signaling axis could play a role in 

the adaptation of adipose tissue to pregnancy, with consequent modulation of metabolic 

homeostasis. Here, we leveraged in vitro model systems to quantify human adipose tissue 

expandability and used mouse knockout (KO) models and retrospective population data to 

further investigate the hypothesis that cleavage of adipose tissue IGFBPs by PAPPA induces 

normal adipose tissue expansion in pregnancy, and that abnormalities in this mechanism may 

contribute to the development of GDM.
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RESULTS

Adaptations of adipose tissue during pregnancy in humans

To characterize the changes that occur in adipose tissue during pregnancy, we compared 

total gene expression of subcutaneous (SQ) and omental (OM) adipose tissues obtained 

during Cesarean section from normoglycemic pregnant subjects with those of nondiabetic, 

nonpregnant subjects obtained during gastric bypass surgery as described previously (34, 

56). We reanalyzed this dataset (data file S1) using hierarchical clustering of the 1200 genes 

displaying the highest median absolute deviation among the four groups. This analysis 

resulted in four distinct clusters, segregated by both depot and pregnancy state (Fig. 

1A). Among the genes, defining these clusters was a set that was highly enriched during 

pregnancy in both subcutaneous and omental depots (Fig. 1A). To identify the specific genes 

and pathways modified by pregnancy in both depots, we performed differential expression 

analysis (Fig. 1, B and C, and data file S2). IGFBP5 was highly up-regulated by pregnancy, 

increasing by more than 60-fold and 20-fold in subcutaneous and omental adipose depots, 

respectively (Fig. 1, B and C). Pathway enrichment analysis identified a central regulatory 

arm of the IGF signaling axis, the growth hormone receptor signaling pathway, as regulated 

by pregnancy (Fig. 1D and data file S3).

To examine whether pregnancy induces structural alterations in adipose tissue, we obtained 

a separate cohort of samples by needle biopsy of subcutaneous adipose tissue from weight

matched nonpregnant women (Table 1). The mean age and body mass index (BMI) were 

not different between the cohorts (Fig. 1, E and F), but mean adipocyte size was altered 

by pregnancy (Fig. 1, G to I). The major change was an increase in mean size (Fig. 1H), 

which was not correlated with BMI in either nonpregnant or pregnant cohorts (Fig. 1I). 

The increase in mean adipocyte size was attributable to adipocyte hypertrophy as evidenced 

by an increased number of larger adipocytes seen in frequency distribution or adipocyte 

sizes (Fig. 1J). The number of large adipocytes increased without a concomitant decreases 

in the number of small adipocytes, which would be expected if the effect was due only to 

hyperplasia of existing cells. The maintenance of the pool of small adipocytes is consistent 

with compensatory hyperplasia during pregnancy.

Adipose tissue is densely vascularized, and its expansion is preceded by neoangiogenesis 

(57–59). Activation of neoangiogenesis is accompanied by changes in vessel integrity due 

to tight junction instability (60–63). To determine whether pregnancy induces changes 

in the microvasculature consistent with neoangiogenesis, we stained 1-mm3 fragments of 

adipose tissue obtained from nonpregnant or pregnant women with isolectin, which marks 

microvessels within the tissue. We observed qualitative changes in the microvasculature 

consisting of decreased homogeneity of vessel diameter and discontinuity and tortuosity 

of vessel structure in biopsies from pregnant women (Fig. 1K). To quantify these 

observations, we applied an imaging algorithm to measure connectivity between regions. 

The microvasculature from pregnant women displayed a decrease in region size per 

image and an increased in total regions per image (Fig. 1, K to M), indicating vessel 

fragmentation. These results indicate that human adipose tissue adapts to pregnancy with 
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a robust increase in expression of IGFBP5, together with hypertrophy, hyperplasia, and 

changes in microvasculature consistent with enhanced angiogenesis.

Human adipose tissue expandability is increased in pregnancy and stimulated by PAPPA

To directly explore whether PAPPA cleavage of IGFBPs could mediate the observed 

pregnancy-induced adaptations of adipose tissue, we used an in vitro system that measures 

adipose tissue expandability. When small fragments of human adipose tissue are embedded 

in Matrigel and cultured in microvascular endothelial cell growth medium-2 (EGM2-MV) 

medium, endothelial and mesenchymal progenitor cells emerge and proliferate, gradually 

covering a larger area around the explant. The area covered by the sprouting cells is 

a surrogate measure of adipose tissue expandability, varying as a function of depot of 

origin and physiological state of the donor (56). We found that explants from subcutaneous 

adipose tissue from pregnant women displayed greater expandability compared to those 

from nonpregnant women (Fig. 2, A and B), consistent with our previous findings of 

increased hyperplasia. To explore whether PAPPA can directly influence adipose tissue 

expandability, we cultured subcutaneous adipose tissue explants from pregnant women 

in the presence of recombinant human PAPPA (Fig. 2C). We found a dose-dependent 

stimulatory effect of recombinant PAPPA to increase expandability over time (Fig. 2D). 

This effect was seen at a concentrations within the range of that seen in normal 

pregnancies [1413 ng/ml at 13 weeks; (64)]. To further test the hypothesis that the effects 

of PAPPA are mediated through the IGFBP/IGF signaling pathway, we examined the 

effects of a specific inhibitor of the IGF-1 receptor tyrosine kinase activity, 7-[cis-3-(1

azetidinylmethyl) cydobutyl]-5-[3-(phenylmethoxy) phenyl]-7H-pyrrolo[2,3-d]pyrimidin-4

amine, dihydrochloride (NVP-AEW541) (65, 66), and found a profound inhibition of 

sprouting (Fig. 2E), consistent with a role for IGF-1 signaling in white adipose tissue 

development (67). To determine whether the effects of PAPPA to increase expandability 

were mediated through its interaction with IGFBP5, we examined the effects of recombinant 

IGFBP5 and PAPPA. We observed a dose-dependent inhibition of sprouting by recombinant 

IGFBP5, which was reversed by the presence of PAPPA (Fig. 2F). Together, these results are 

consistent with a direct effect of IGF-1 receptor signaling, and its modulation by IGFBP5 

and PAPPA, to regulate adipose tissue expandability.

PAPPA ablation in mice prevents pregnancy-associated adipose tissue remodeling

We studied mice in which the Pappa gene was ablated (KO) to directly test the role of 

PAPPA in remodeling adipose tissue during pregnancy in vivo. Pappa KO mice have been 

described as proportional dwarfs, being viable and fertile but exhibiting only 60% of wild

type (WT) size (68). Pregnancy induced a similar proportional increase in body weight in 

WT littermate controls and KO mice (Fig. 3A), which was attributable to an increase in 

lean body mass with no change in fat mass (Fig. 3, B and C), consistent with studies of 

pregnancy in C57BL6 mice (69). As a percent of total (lean + fat mass), lean and fat mass 

were affected by pregnancy to a similar extent between WT and KO mice (Fig. 3, D and E).

To examine pregnancy-induced adipose tissue adaptations and the role of PAPPA, we 

dissected and analyzed all discernable depots in WT and KO pregnant and nonpregnant 

mice, following published guidelines (Fig. 3, F and G) (70). In WT mice, pregnancy 

Rojas-Rodriguez et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2021 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



caused a decrease in the mass of all depots with the exception of the axillary depot and 

interscapular brown adipose tissue, consistent with measurements of decreased total fat mass 

(Fig. 3E). In contrast, in KO mice, pregnancy did not alter the mass of adipose depots, 

with the exception of the inguinal depot (Fig. 3G). To examine detailed changes in adipose 

depots in response to pregnancy, we quantified the size distribution of adipocytes in tissue 

sections from each fat pad (Fig. 3, H and I). In WT mice, pregnancy was accompanied 

by a decrease in adipocyte size and an accumulation of small-sized adipocytes in the 

parametrial, inguinal, periovarian, retroperitoneal, and mesenteric depots, consistent with 

enhanced lipid mobilization and adipocyte hyperplasia. These changes in adipocyte size 

distribution did not occur in fat depots from KO mice. These results demonstrate that 

pregnancy-induced changes in major adipose depots are dependent on PAPPA. To determine 

whether the pregnancy-induced alterations seen in adipose tissue occur only in the late 

stages of pregnancy or are established during the entire pregnancy period, we compared days 

8 and 16 of pregnancy. Pregnancy-induced changes in adipocyte size were similar at both 

time points (fig. S1), supporting a role of PAPPA in adipose tissue development throughout 

pregnancy.

To explore the mechanisms by which PAPPA might mediate adipose tissue remodeling, we 

measured the expression of genes in the IGF signaling pathway in depots from pregnant and 

nonpregnant WT and Pappa KO mouse depots. Depot, genotype, and pregnancy-dependent 

changes were analyzed by three-way analysis of variance (ANOVA). All genes analyzed 

varied by depot (Fig. 4), and Igf-2 (Fig. 4B), Igfbp-2 (Fig. 4C), and Igfbp-4 (Fig. 4D) 

were affected by pregnancy. Igfbp-2 was the gene most strongly up-regulated by pregnancy, 

mostly in the inguinal and axillary depots, but this up-regulation did not occur in mice 

lacking Pappa. In contrast, Igf-2 was up-regulated by pregnancy in both inguinal and axillary 

depots of Pappa KO mice to a greater extent than in WT mice.

PAPPA ablation causes gestational insulin resistance

We next studied the metabolic consequences of the abnormalities in adipose tissue 

remodeling induced by PAPPA loss. In nonpregnant mice, fasting blood glucose was higher 

in Pappa KO compared to WT mice (Fig. 5A). Pregnancy decreased fasting blood glucose 

in both genotypes (Fig. 5A) but had no effect on fasting insulin values (Fig. 5B). To directly 

measure insulin sensitivity, we conducted insulin tolerance tests. Insulin sensitivity was 

decreased in KO compared to WT mice (Fig. 5C), and this effect was more pronounced 

in pregnant mice (Fig. 5D). To facilitate comparison between conditions, we analyzed 

glucose excursions as a percent of basal fasting blood glucose and found that pregnancy

induced insulin resistance was greater in KO mice compared to WT (Fig. 5E). Pregnancy 

also enhanced insulin secretion, but this was not further enhanced in KO mice (Fig. 5F), 

indicating that loss of PAPPA aggravates pregnancy-induced insulin resistance and may also 

affect β cell insulin secretion.

Paradoxically, despite the differences observed in insulin tolerance tests, the absence of 

Pappa was accompanied by increased glucose disposal in both nonpregnant and pregnant 

mice (Fig. 5, G and H). Analysis of glucose excursions as a percent of basal fasting blood 

glucose indicated that Pappa KO enhanced glucose tolerance in both nonpregnant and 
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pregnant mice (Fig. 5I). Enhanced glucose tolerance in the face of the insulin resistance seen 

in Pappa KO mice could possibly be explained by enhanced activity of insulin-independent 

glucose consumption mechanisms, such as those associated with exercise, or glucose 

consumption by the fetus. Muscle oxidative metabolism has been previously reported 

to be increased in Pappa KO mice (71), consistent with this possibility. To determine 

potential mechanisms of enhanced glucose disposal in Pappa KO mice, we conducted 

hyperinsulinemic euglycemic clamps. KO mice required higher glucose infusion rates and 

displayed enhanced whole body glucose turnover along with enhanced skeletal muscle 

glucose uptake and increased whole body glycolysis (Fig. 5J). Nevertheless, there was no 

decrease in hepatic glucose production, which would be expected if the enhanced glucose 

turnover was due to increased insulin action. These results are consistent with an unusual 

metabolic state of enhanced peripheral glucose uptake in the presence of insulin resistance in 

the Pappa KO mice.

Multiple studies have pointed to excessive lipolysis stemming from adipose tissue insulin 

resistance as an important cause of hepatosteatosis and increased hepatic glucose production 

(28, 31, 72, 73). To determine whether Pappa deficiency is accompanied by changes in the 

liver, we analyzed triglyceride content and histological appearance. Liver weight increased 

in response to pregnancy in both WT and KO mice, but livers from KO pregnant mice 

were larger than those from WT pregnant mice (Fig. 5K). This increased weight could 

be attributed to increased triglycerides (Fig. 5L) reflected by the presence of large lipid 

droplets (Fig. 5M) and only observed in pregnant KO mice. These results are consistent with 

adipose tissue insulin resistance induced by pregnancy in Pappa KO mice. To examine the 

consequences of dysregulated metabolism on fetal development, we measured the size of 

liters and pup weights. Liters from Pappa KO mice were smaller, as was mean pup weight. 

However, these values normalized as a function of dam weight were not different between 

genotypes (Fig. 5N). These results suggest that major alterations in fetal development are 

unlikely to underlie the observed adipose tissue and metabolic changes elicited by Pappa 
deficiency.

PAPPA values are directly associated with glycemic control in human pregnancy

We next explored whether PAPPA, acting through the IGFBP/IGF axis in adipose tissue, 

is important for the regulation of glucose homeostasis during pregnancy in humans. We 

examined the relationship between circulating values of PAPPA and glycemia in a cohort 

of 6361 women (Table 2) and performed a categorical analysis of serum PAPPA values in 

pregnant subjects stratified as having normal glucose tolerance, abnormal glucose tolerance, 

or GDM. PAPPA values were lower in both abnormal glucose tolerance and GDM groups 

compared to normal glucose tolerance (Fig. 6A). We separated all PAPPA serum values in 

the population into quartiles (Fig. 6B) and calculated the odds of abnormal glucose tolerance 

and GDM occurring as a function of PAPPA quartile. Compared to the quartile with highest 

PAPPA concentration (1763 to 16,498 ng/ml), the odds of AGT increased in all remaining 

quartiles, and the odds of GDM were higher for the lowest PAPPA quartile (Fig. 6C).

PAPPA concentration varies as a function of gestational age, as well as with factors 

associated with increased diabetes risk such as BMI, ethnicity, and smoking status. For 
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this reason, laboratory values are also reported as multiples of the median (MoM), which 

represents the net value of PAPPA represented as a function of the median value for that 

particular laboratory. As expected, we found no association between PAPPA MoM and BMI 

(Fig. 6D) or age (Fig. 6E) in our cohort. Nevertheless, the odds of GDM increased in 

the two lowest PAPPA MoM quartiles compared to the highest quartile (Fig. 6F). These 

results indicate that the associations between low PAPPA and abnormal glucose tolerance 

and gestational diabetes are more likely due to a direct relationship between PAPPA and 

glycemic control mechanisms, rather than being mediated by other factors associated 

with diabetes risk. To further test the hypothesis that PAPPA is associated with systemic 

glucose metabolism independent of disease state, we compared mean blood glucose values 

between serum PAPPA MoM quartiles only in subjects with normal glucose tolerance (Fig. 

6, G to I). Mean fasting glucose was lower in the highest (Q4) PAPPA MoM quartile 

compared to that in the lowest (Q1) quartile (Fig. 6G), and the mean 1-hour glucose was 

lower in the Q3 and Q4 PAPPA MoM quartiles compared to that in Q1 (Fig. 6H). No 

differences between quartiles were seen when comparing 2-hour glucose values (Fig. 6I). 

The association between higher circulating PAPPA with lower glucose values within the 

normal range is consistent with a mechanism in which circulating PAPPA directly enhances 

glucose tolerance during pregnancy, and disruption of this mechanism can contribute to 

development of GDM.

DISCUSSION

The results presented here demonstrate that, in both mice and humans, pregnancy induces 

adipose tissue adaptations involving changes in adipocyte size and capillary structure that 

could underlie changes in insulin sensitivity and systemic glucose homeostasis characteristic 

of gestation. Our findings suggest that PAPPA is a key signaling molecule involved 

in these adipose tissue adaptations. Acting on IGFBPs, this protease may establish a 

pregnancy-specific signaling axis in adipose tissue that can couple fetal growth to maternal 

fuel homoeo-stasis. Although our findings in the human population are correlative, they 

are consistent with experimental results in vitro indicating a direct effect of the PAPPA, 

IGFBP, and IGF-1 axis in mediating adipose tissue expandability. They are also consistent 

with the metabolic phenotype of Pappa KO mice, in which pregnancy-induced changes 

in adipocyte size are abrogated, and which display systemic metabolic abnormalities 

consistent with adipose tissue insulin resistance. The very large >100-fold increase in 

PAPPA serum concentration and activity during human pregnancy, compared to nearly 

undetectable circulating activity outside of gestation, supports the notion of this pathway 

being a pregnancy-specific adaptation.

PAPPA was initially described as one of three proteins produced by the human endometrium 

that increase markedly after decidualization and pregnancy (74, 75). Of these, only 

PAPPA increases progressively from very early (6 to 10 weeks) gestation to term (47). 

The development of sensitive assays for PAPPA early on revealed correlations with 

pregnancy abnormalities (76–78). A single low value for PAPPA was highly correlated with 

Down syndrome pregnancies (48, 49), leading to its adoption for screening chromosomal 

abnormalities in early pregnancy, although the mechanisms behind these low values 

are unclear. Cloning of the PAPPA gene led to its identification as a zinc-binding 
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metalloprotease (79) and functional studies to its subsequent identification as the single 

protease responsible for cleavage of IGFBP4 (80) and capable of cleavage of IGFBP5 (81). 

The key role of PAPPA in IGFBP proteolysis and IGF signaling is evidenced by its effects 

on embryonic development; in humans, PAPPA values in early pregnancy correlate with 

fetal size at term (82–84), and in mice, KO of Pappa results in proportional dwarfism 

(68). In addition to its role in fetal development, total and proteolytically active human 

PAPPA concentrations progressively rise in serum throughout pregnancy (50). Although 

our cross-sectional studies results are restricted to a specific point in time, the observed 

inverse correlation between circulating PAPPA and serum glucose concentrations could be 

consistent with longitudinal mediation of maternal peripheral tissue adaptations to fetal 

growth, provided that PAPPA and glucose concentrations maintained similar trajectories. 

Further longitudinal studies will be required to further explore this hypothesis.

In the case of diabetes, a correlation between low first trimester PAPPA and GDM risk 

has been reported in some (85–87), though not all studies (88, 89). In our retrospective 

study of over 6000 women, we found that PAPPA concentration in the lower quartiles 

was strongly correlated with development of GDM. It has been recognized that circulating 

PAPPA concentrations at the three trimesters of pregnancy are affected by diverse maternal 

factors and medical history (90), including weight, age, smoking, race, and diabetes status. 

Because these factors lower the sensitivity and accuracy of single measure PAPPA for 

aneuploidy screening, algorithms used by clinical laboratories to report PAPPA MoM correct 

for these factors. Nevertheless, in our study, we find that PAPPA MoM values in the 

lowest quartile are still associated with increased odds of development of GDM, supporting 

the hypothesis PAPPA concentration is an independent risk factor for the development of 

gestational metabolic disease.

Mechanistically, our results support a model in which low concentrations of PAPPA result 

in impaired proteolysis of adipose tissue IGFBPs, which are up-regulated in adipose 

depots during pregnancy. In turn, IGF signaling decreases, impairing pregnancy-induced 

increases in adipocyte number and size, as well as tissue vascularization. Inadequate adipose 

tissue adaptation leads to enhanced insulin resistance and impaired glucose tolerance. This 

mechanistic view is supported by our finding of direct stimulation of human adipose tissue 

expandability by PAPPA in vitro reflecting in vivo physiology (55, 91, 92), as well as our 

findings of impaired adipose tissue adaptations and pregnancy-specific insulin resistance in 

Pappa-deficient mice.

Despite displaying 86% amino acid conservation between human and mouse and sharing 

catalytic features, Pappa is not highly produced in the placenta during pregnancy in 

mice (93). Therefore, pregnancy-specific regulation in this species may occur through its 

expression and function in peripheral tissues, including adipose tissue itself. The effects 

of Pappa on murine adipose tissue can be mediated through cleavage of Igfbp2, as its 

expression was specifically up-regulated by pregnancy and it is a known substrate of Pappa 

(94, 95). The direct role of Pappa on adipose tissue is also supported by the finding that 

depots displaying lesser impairments exhibit a larger compensatory overexpression of Igf-2, 

consistent with observations that increased Igf-2 mitigates the effects of Pappa deficiency 

(96). In human adipose tissue, the largest pregnancy-induced change for a single gene 
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is the enhanced expression of IGFBP5, accompanied by >10-fold elevation in circulating 

PAPPA net proteolytic activity (50). Thus, although the specific IGF binding proteins and 

the source of Pappa/PAPPA may differ between mice and humans, the mechanism whereby 

their regulatory axis enables adipose tissue adaptation to pregnancy is conserved between 

the two species.

The pregnancy-specific adaptations we observed in mice include a trend toward decreasing 

total fat pad mass and the appearance of small adipocytes, consistent with increased 

fat mobilization and adipose tissue hyperplasia. The molecular mechanisms that remodel 

adipose tissue during pregnancy appear to be variations on mechanisms already known to 

play a major role in adipose tissue development. In nonpregnant humans, the IGF signaling 

pathway is known to play a major role in the regulation of adipose tissue expandability (52, 

54, 55, 97–99). In mice, expression of IGFBP-4 is regulated by age and obesity, and it can 

directly modulate adipose tissue expandability in vitro (55).

Adipose tissue expandability is increasingly recognized to play a central role in the 

regulation of insulin sensitivity through secretion of cytokines and preventing lipotoxicity 

(100). Failure of adipose tissue to suppress lipolysis or insufficient adipose tissue storage 

capacity leads to increased lipid delivery to the liver and enhanced gluconeogenesis 

and hepatosteatosis (29, 101). In our studies, Pappa KO mice displayed greater insulin 

resistance as evidenced by insulin tolerance tests and fatty liver, consistent with impaired 

adipose tissue function. Paradoxically, we found enhanced glucose tolerance in both 

nonpregnant and pregnant conditions in Pappa KO mice. A possible explanation for 

enhanced glucose tolerance in the face of insulin resistance would be the enhanced activity 

of insulin-independent glucose consumption mechanisms, such as those associated with 

exercise. Increased muscle oxidative metabolism has been previously reported in Pappa 
KO mice (71). Consistent with this possibility, the higher glucose infusion rates during 

hyperinsulinemic insulin clamps seen in Pappa KO mice were accompanied by enhanced 

skeletal muscle glucose uptake and increased whole body glycolysis. Nevertheless, there 

was no decrease in hepatic glucose production, which would be expected if the enhanced 

glucose turnover was due to increased insulin action. This unusual metabolic state of 

enhanced peripheral glucose uptake in the presence of insulin resistance is consistent with 

the similarly unexpected trend toward better glucose tolerance that is seen in Pappa KO mice 

subjected to high fat diet (102).

Our study carries limitations. We cannot be certain that circulating PAPPA derived from the 

placenta is mediating subcutaneous human adipose tissue IGFBP5 cleavage. Although the 

vast majority of circulating PAPPA in human pregnancy is derived from the placenta (103), 

other tissue also expresses a substantial amount (104), which could therefore be mediating 

IGF signaling. Further longitudinal studies measuring adipose tissue architecture, PAPPA 
gene expression in adipose tissue, circulating concentrations of total and active PAPPA, 

and glucose tolerance over the course of normal human pregnancy may help answer this 

question. Another limitation is our use of a whole body Pappa KO mouse, in which the 

consequences of Pappa depletion are not restricted to adipose tissue. It is possible that 

effects on other tissues, including muscle and pancreas, might contribute to the observed 

effects on glucose homeostasis during pregnancy. Future studies using tissue-specific Pappa 
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ablation will help determine the extent to which each tissue contributes to metabolic 

adaptations to pregnancy and understand the respective contributions of circulating versus 

tissue-restricted Pappa. Despite these limitations, our current findings identify an important, 

Pappa-dependent, effect of pregnancy on adipose tissue remodeling and a physiologically 

meaningful role of Pappa on insulin sensitivity during pregnancy.

Gestational diabetes is a growing medical concern, with increasingly recognized long-term 

health consequences for mothers and their offspring (1, 7). Our finding of a correlation 

between PAPPA insufficiency and presence of GDM provides impetus for further studies on 

cause-effect relationships and mechanisms of this association. If these studies prove a direct 

causative role for PAPPA on incidence or severity of GDM through its effects on human 

adipose tissue during pregnancy, they would open the possibility for therapeutic use of this 

protease. Through gathering a better understanding of PAPPA/IGF signaling, initiating a 

targeted investigation of PAPPA expression regulation, and directly studying the action of 

PAPPA as a biologic, we will determine its potential as a therapeutic option in mitigating 

GDM and its transgenerational pathologies.

MATERIALS AND METHODS

Study design

The objective of this study was to determine potential roles of adipose tissue in mediating 

metabolic adaptations to pregnancy. We performed transcriptomic and histological analysis 

of adipose tissue using samples from nonpregnant and pregnant women matched for age and 

BMI. The role of the IGF signaling pathway on adipose tissue expansion was demonstrated 

in vitro by measuring the outgrowth of cells from adipose tissue explants in the presence or 

absence of IGFBP5, PAPPA, and the IGF-1 receptor inhibitor NVP-AEW541. The role 

of PAPPA in vivo was determined by analyzing adipose tissue depot architecture and 

gene expression in pregnant and nonpregnant PappA KO mice and their WT littermates 

using histochemistry and reverse transcription polymerase chain reaction, and systemic 

glucose metabolism was analyzed in nonpregnant PappA KO mice and their WT littermates 

using hyperinsulinemic-euglycemic glucose clamps. Numbers of animals and experimental 

replicates are indicated in figure legends. To determine the relationship between circulating 

PAPPA and glucose homeostasis in human pregnancy, we conducted a retrospective study of 

6361 pregnant women for which first trimester PAPPA values and third trimester serum 

glucose values were available. Blinding was used in all experiments requiring image 

analysis and in the performance of hyperinsulinemic/euglucemic clamps.

Human subjects

The Institutional Review Board from University of Massachusetts Medical School (UMMS) 

approved the studies, and all participants were provided and signed informed consent. For 

Affymetrix analysis, omental and subcutaneous adipose tissues from women delivering at 

term by Cesaerian delivery and from nonpregnant women undergoing bariatric surgery 

were obtained as previously described (56). For analysis of adipose tissue architecture, all 

pregnant women with singleton gestations scheduled for Cesarean section and nonpregnant 

normoglycemic women without hypertension presenting to University of Massachusetts 
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Memorial Health Care (UMMHC) between June 2015 and November 2016 were considered 

for enrollment. Diabetes status in the pregnant cohort was classified according to the 

Carpenter-Coustan criteria. The exclusion criteria included type 1 and type 2 diabetes 

mellitus, underweight BMI (<18.5 kg/m2, pregestational BMI in pregnant cohort), use of 

illicit substances including replacement products, HIV/AIDS, hepatitis B or C, autoimmune 

disease, chronic steroid use, age <18 and >45 years, and plans to move out of the area during 

study period. Exclusions specific to pregnant cohort included multiple gestations, initiated 

prenatal care after 13 completed gestational weeks, alcohol use, and previous diagnosis of 

T2DM.

To determine the relationship between serum PAPPA and categorical diabetes status, we 

performed retrospective analyses of the electronic health records containing PAPPA values 

of all pregnant women with singleton gestations who delivered at UMMHC from June 2009 

to March 2015. We classified women according to the Carpenter-Coustan criteria, in which 

normal glucose tolerance is defined as gravidas without pregestational diabetes and with 

passing value on routine 50-g glucola screening (≤140 mg/dl) or ≤ 1 abnormal value (fasting 

≥ 95, 1 hour ≥ 180, 2 hour ≥ 155, 3 hour ≥ 140 mg/dl) on 100-g 3-hour glucose tolerance 

test (GTT); abnormal glucose tolerance included gravidas without pregestational diabetes 

and with failed value on routine 50-g glucola screening (>140 mg/dl), independent of the 

value of 100-g 3-hour GTT; GDM included gravidas without pregestational diabetes and 

with failed value on routine 50-g glucola screening (>140 mg/dl) and ≥2 abnormal values 

(fasting ≥ 95, 1 hour ≥ 180, 2 hour ≥ 155, 3 hour ≥ 140 mg/dl) on 100-g 3-hour GTT. 

For analysis of the relationship between PAPPA and serum glucose, all records containing 

PAPPA values from routine 10- to 13-week aneuploidy and fasting, 1-, 2-, and 3-hour serum 

glucose values derived from 50-g glucola screening or 3-hour GTT were used. Data from 

medical records was extracted using Epic EHR v. 2018.

Human tissue collection

For the pregnant cohorts, specimen collection was done at the time of Cesarean delivery 

after delivery of the baby. Before skin closure, two samples (1 cm by 1 cm) of subcutaneous 

adipose tissue were obtained from within the surgical incision usually placed about 2 

cm above the pubic bone (Pfannenstiel incision). In the case of repeat Cesarean delivery, 

subcutaneous adipose tissue biopsies were taken from deep within the incision to decrease 

scar tissue sampling. For the nonpregnant cohort, specimen collection was done at the 

Clinical Trials Unit of UMMS during a scheduled site visit. Subcutaneous adipose tissue 

needle biopsies were obtained from anterior abdominal wall just lateral and inferior to the 

umbilicus, both away from blood vessels or scars. For acquiring the AT specimens, a 60-ml 

BD syringe with 14-gauge needle filled with 30 ml of normal saline was used. About 1 g of 

AT was collected.

Animal husbandry and pregnancy

All procedures were approved by UMMS Institutional Animal Care and Use Committee. 

The experimental animals used in this study were homozygous PappA (+/+) (WT) and 

PappA (−/−) (KO) littermates obtained from crosses of heterozygous PappA (+/−) mice (68). 

All mice were fed normal chow diet (22% protein and 5% fat, Isopro 3000) ad libitum 
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and housed under controlled temperature and 12-hour light/12-hour dark cycle conditions. 

For all experiments, 10- to 12-week-old mice were used. For the pregnancy experiments, 

homozygous WT or KO animal trios consisting of one male and two females were housed 

together. The presence of a vaginal plug was considered as day 1 of gestation. After plug 

visualization, females were separated from males. All pregnancy experiments were carried 

out at day 16 of gestation.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v8. Statistical tests and P values 

are described in figure legends. A P value < 0.05 was considered significant. Data were 

tested for normality before use of parametric tests, and when normality could not be verified, 

non-parametric tests were used as described in figure legends. Difference of histograms 

was calculated using the Wilcoxon matched pairs test, and P values for differences at 

each size range calculated using multiplicity-adjusted (Sidak) Student’s t tests. Statistical 

significance between groups was estimated using ordinary one-way ANOVA corrected for 

multiple comparisons using the Sidak test. For contingency analyses, statistical significance 

between comparisons to the highest quartile was done using Fisher’s exact test. Statistical 

significance of the difference between control and treated explants was calculated using 

paired Student’s t tests. The difference between doses at each time point was assessed using 

repeated measures two-way ANOVA, and differences between fat depot, genotype, and 

pregnant state for each gene were assessed using three-way ANOVA corrected for multiple 

comparisons using Tukey’s test.
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Fig. 1. Adaptations of human adipose tissue to pregnancy.
(A) Hierarchical clustering of genes expressed in subcutaneous (SQ) or omental (OM) 

adipose tissue of nonpregnant (NP) or pregnant (P) women. (B and C) Volcano plots of 

gene expression modulated by pregnancy in both depots. IGFBP-encoding genes detected 

are highlighted. (D) KEGG enrichment analysis of genes modulated by pregnancy in both 

depots. (E and F) Scatter plots of age and BMI of cohort of nonpregnant and pregnant 

women from whom samples were obtained for histological analysis. (G) Representative 

hematoxylin and eosin (H&E) stains of subcutaneous adipose tissue from a nonpregnant 

(above) and a pregnant (below) subject with equivalent BMIs of 26. Scale bars, 100 

μm. (H and I) Mean adipocyte size in nonpregnant and pregnant women cohorts, and 

adipocyte size as a function of BMI in both cohorts. a.u., arbitrary units. (J) Frequency 
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size distributions from H&E stains of adipose tissue. Adipocyte was measured in 5 to 10 

slides from each subject, and the mean and SEM of each subject depicted in the plots. 

Difference of histograms, Wilcoxon matched pairs test; P values for differences at each size 

range, multiplicity-adjusted (Sidak) Studen’s t tests. (K) Whole mount isolectin staining of 

adipose tissue from a nonpregnant (above) and a pregnant (below) subject with similar BMIs 

(BMI = 30). Scale bars, 200 μm. Arrows in magnified areas in middle panels indicate vessel 

discontinuity, and arrowheads isolectinpositive cells separated from vessel structures, only 

seen in images from pregnant subjects. Scale bars, 50 μm. Left panels are pseudocolored 

images where each color comprises a continuous region defined using ImageJ connected 

regions algorithm. (L and M) Maximal region size and number of regions are measured in 

5 to 10 whole mount images from each subject, and the mean and SEM of each subject 

are depicted in the plots. Statistical significance of the difference between pregnant and 

nonpregnant was calculated using Studen’s t tests.
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Fig. 2. PAPPA stimulates human adipose tissue expandability in vitro.
(A) Representative images of sprouts emerging from adipose tissue explants embedded in 

96-mm wells obtained from normoglycemic nonpregnant or pregnant women. Images were 

taken at 7 (top) and 11 (bottom) days of culture. (B) Quantification of sprouting area from 

AT explants at indicated time points. Between 10 and 30 explants were embedded for each 

subject, and each symbol represents the mean sprouting area of all explants per subject. 

Means and SEM of nonpregnant (n = 12) and pregnant (n = 11) subjects are plotted. 

Unpaired, two-tailed Studen’s t tests. (C) Mean and SEM of the sprouting area of 5 to 

10 explants from four separate subjects (n = 4 for each time point) treated in the absence 

or presence of the indicated concentration of recombinant human PAPPA (rhPAPPA) for 

the times shown. Statistical significance of differences between doses at each time point 

was calculated using repeated measures two-way ANOVA with Dunnet’s correction for 

multiple comparisons. (D) Explants from four pregnant women (n = 5 to 10 explants per 

subject) were cultured in the absence or presence of recombinant human PAPPA [rhPAPPA 

(1200 ng/ml)]. Two-tailed paired Studen’s t tests. (E) Mean and SEM of the sprouting area 

of n = 10 explants cultured in the presence of the indicated concentration of the IGF-1 

receptor inhibitor NVP-AEW541. Statistical comparisons between no inhibitor and each 

dose were made using one-way ANOVA with Dunnet’s correction for multiple comparisons. 

(F) Mean and SEM of the sprouting area of n = 10 explants cultured in the presence of 
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the indicated concentration of recombinant human IGFBP5 in the absence or presence of 

rhPAPPA. Statistical comparisons between no inhibitor and each dose were made using 

one-way ANOVA with the Dunnet’s correction for multiple comparisons.
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Fig. 3. Adaptations of adipose tissue to pregnancy in mice require Pappa.
(A) Body weight, total lean mass (B), and total fat mass (C) from nonpregnant or pregnant 

wild-type (NPWT, n = 6; PWT, n = 6) or nonpregnant or pregnant PappA KO mice (NPKO, 

n = 7; PKO, n = 6). Lean mass percent (D) and fat mass percent (E) were calculated 

by normalizing to lean + fat mass. For (A) to (E), statistical significance was assessed 

using ordinary one-way ANOVA corrected with the Sidak test for multiple comparisons. 

(F) Representative figure of the anatomical localization for the fat pads analyzed [adapted 

from (70)]. (G) Mass of individual fat depots from NPWT (n=10), PWT (n = 13), NPKO 
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(n = 7), and PKO (n = 11), expressed as % body weight. Statistical significance of 

differences between nonpregnant and pregnant state within each depot was measured using 

multiplicity (Holm-Sidak) adjusted Studen’s t tests. (H) Representative image of H&E 

staining displaying the proximal parametrial fat pads. Scale bar, 100 μm. (I) Frequency 

distribution of adipocyte sizes measured in H&E-stained sections (~10 images per depot 

per mouse) from n = 6 mice per group. Statistical significance of differences in frequency 

at each bin between nonpregnant and pregnant states measured using multiplicity (Holm

Sidak) adjusted Studen’s t tests.

Rojas-Rodriguez et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2021 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Gene expression reveals compensation for Pappa deficiency in specific depots.
Real-time quantitative polymerase chain reaction for PappA (A), Igf-2 (B), Igfbp-2 (C), 

Igfbp-4 (D), Igfbp-5 (E), and Igf-1 (F) in fat depots from nonpregnant or pregnant wild-type 

(NPWT n = 3, PWT n = 3) or nonpregnant or pregnant Pappa KO mice (NPKO n = 3, PKO 

n = 3). Fold expression values were calculated by normalization to the lowest expression 

value in the dataset for each gene. For each gene, minimum and maximum Ct values were 

26 and 29 for Pappa, 22 and 35 for Igf-2, 22 and 37 for Igfbp-2, 20 and 27 for Igfbp-4 
20 and 28 for Igfbp-5, and 18 and 26 for Igf-1. Graphs show mean and SEM of n = 3 
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mice per group, where the value for each mouse was the mean of three technical replicates. 

Statistical significance of the differences between fat depot, genotype, and pregnant state 

for each gene was calculated using three-way ANOVA corrected for multiple comparisons 

using the Tukey’s test. In (A) to (C), statistical significance of differences in gene expression 

between states within individual depots was measured using multiplicity-adjusted t tests.
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Fig. 5. Pappa deficiency results in insulin resistance during pregnancy.
(A) Blood glucose after a 6-hour fast of nonpregnant wild-type (NPWT, n = 47), pregnant 

wild-type (PWT, n = 26), nonpregnant Pappa KO mice (NPKO, n = 46), or pregnant Pappa 
KO mice (PKO, n = 28) mice at 10 to 12 weeks of age. (B) Plasma insulin after a 4.5-hour 

fast of nonpregnant wild-type (NPWT, n = 7), pregnant wild-type (PWT, n = 6), nonpregnant 

Pappa KO mice (NPKO, n = 8), or pregnant Pappa KO mice (PKO, n = 8) mice at 12 

weeks of age. Comparisons between groups in (A) and (B) were made using one-way 

ANOVA corrected for multiple comparisons using the Sidak test. (C to E) Insulin tolerance 

tests (0.65 units of insulin/kg body weight) after a 4.5-hour fast of nonpregnant wild-type 

(NPWT, n = 22), pregnant wild-type (PWT, n = 10), nonpregnant Pappa KO mice (NPKO, 

n = 17), or pregnant Pappa KO mice (PKO, n = 9). Panels (C) and (D) are raw values, 
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and panel (E) is the percent of basal value. Variance between groups in (C) and (D) was 

assessed using one-way ANOVA corrected for multiple comparisons using the Holm-Sidak 

test and in (E) using repeated measures ANOVA corrected for multiple comparisons using 

the Holm-Sidak test. Significance of the differences at each time point was calculated 

using multiplicity adjusted t tests. (F) Plasma insulin before (t = 0) and after (t = 45 min) 

administration of glucose (2 g/kg body weight) after a 6-hour fast to NPWT (n = 7), PWT 

(n = 6), NPKO (n = 9), and PKO (n = 8) mice. Statistical significance was assessed using 

ordinary one-way ANOVA corrected with the Sidak test for multiple comparisons. (G to I) 

Glucose tolerance test (2 g of glucose/kg body weight) after 6-hour fast of NPWT (n = 25), 

PWT (n = 15), NPKO (n = 29), and PKO (n = 19) mice. Panels (G) and (H) are raw values, 

and panel (I) is the percent of basal value. Variance between groups in (G) and (H) was 

assessed using one-way ANOVA corrected for multiple comparisons using the Holm-Sidak 

test and in (I) using repeated measures ANOVA corrected for multiple comparisons using 

the Holm-Sidak test, and differences at each time point measured using multiplicity adjusted 

t tests. (J) Glucose values and muscle glucose uptake during hyperinsulinemic-euglycemic 

clamps for each parameter measured (x axis) for NPWT (n = 10) and NPKO (n = 12) 

mice. Bars indicate mean and SEM, and symbols are the values for each individual animal. 

Statistical significance of the differences for each parameter was calculated using two-tailed, 

unpaired Studen’s t tests and exact P values are shown. (K and L) Liver mass (K) and 

triglyceride (L) content from NPWT (n = 10), PWT (n = 13), NPKO (n = 7), and PKO 

(n = 11) mice. Variance between groups was assessed using one-way ANOVA corrected 

for multiple comparisons using the Sidak test (M). Representative images of H&E liver 

sections. Scale bars, 20 μm. Insets contain magnified sections of each image. Scale bars, 

5 μm. (N) Average number of pups and average weight per pup from 13 liters from PWT 

and 11 liters from PKO mice. Shown are means and SEM, and statistical difference between 

groups was calculated using two-tailed unpaired Studen’s t tests.
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Fig. 6. Association between PAPPA and glycemia in pregnancy.
(A) Violin plots of PAPPA values at 10 to 14 weeks of gestation in women categorized 

with normal glucose tolerance (NGT n = 5601), abnormal glucose tolerance (AGT n = 

284), and gestational diabetes mellitus (GDM n = 345) at week 24 to 28 of gestation. 

Statistical significance was estimated using ordinary one-way ANOVA corrected for 

multiple comparisons using the Sidak test. Median and quartile values are indicated. (B 
and C) Odds ratio and 95% confidence interval (CI) for AGT (B) or GDM (C). (D) Linear 

regression between PAPPA MoM and BMI (n = 1620). (E) Linear regression between 
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PAPPA MoM and age (n = 3465). (F) Odds ratio and 95% CI of GDM at different quartiles 

of PAPPA MoM. For (B), (C), and (F), statistical significance between comparisons to the 

highest quartile was done using Fisher’s exact test. (G to I) Fasting (n = 932) (G), 1 hour 

(n = 5294) (H), and 2 hours (n = 909) (I) glucose values at each PAPPA MoM quartile. 

Analysis of variance was performed using the Kruskall-Wallis test, and difference between 

the first quartile (Q1) and others was calculated using the Dunn’s multiple comparison test.
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